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Introduction 
Population growth, rapid urbanization, rising incomes, and diversification of human diets largely 
drive continued massive growth in global demand for forage products such as meat, eggs and 
dairy products. Savanna ecosystems are among the few frontiers still available for agricultural 
expansion. Tropical savannas represent about 43% of the world´s arable land (White et al. 2000; 
Lascano 1991) and 27% of world’s tropical savannas are located in Latin America, while it is 
estimated that 90% of the grazing land in tropical America is still under native pastures. 
Grasslands of tropical America developed mainly on acid soils (Ultisols and Oxisols), with 
limited productivity, due to unfavorable soil chemical traits (acidity, aluminum toxicity, nutrient 
deficiency) and additionally suffering from prolonged dry seasons, exposure to water logging, 
and land in different stages of degradation. In order to be better adapted to such environments 
species have developed more profusely branched and deeper rooting systems, which is directly 
linked towards higher, less hindered nutrient and water acquisition (Rao 1992). A major effort 
was made to introduce acid soil adapted forage legumes, even though the diversity of forage 
seeds on the market is very limited. Objective of this study was to characterize the adaptive 
response of rooting systems of three genotypes of each of Canavalia brasiliensis, Arachis pintoi 
and Stylosanthes guianensis to forms of abiotic stress of acid soils and drought. Furthermore, it 
was to better understand adaptation mechanisms and to determine suitable species and genotypes 
for the integration in pastoral production systems in savanna environments. Arachis and 
Stylosanthes are widely used around the tropics and have so far proven their potential usage on 
acid drought prone soils, whilst still baring further potential for improving productivity. 
Canavalia is not commonly used and to date there is no variety commercially available on the 
market. So far, these three species have not been compared in one experiment. The hypotheses to 
be tested were that the combination of acid soil and water stress affects plant performance more 
negatively than individual acid soil or water stress, which is supposed to have the least negative 
impact; Greater root development and elongation under individual acid soil stress is expected to 
indicate greater tolerance and adaptation to acid (nutrient deficient) soils with high aluminum 
saturation; Plants more tolerant to acid soil stress are expected to also perform better under 
additional water stress than plants less tolerant to acid soil stress. Hence, genotypes showing a 
better rooting performance are expected produce greater above ground biomass. 
 
Material and Methods 
In order to study the adaptive response of rooting systems of the tested forage legumes to forms 
of abiotic stress and drought a greenhouse pot trial was conducted at CIAT headquarters in 
Palmira, Colombia. Plants were grown on a highly Aluminum saturated, acid Oxisol with and 
without fertilizer application and liming under two levels of soil moisture. Genotypes of three 
different herbaceous tropical forage legume species were selected, consisting of three accessions 
each of Stylosanthes guianensis (CIAT 184, CIAT 21, CIAT 2950), Arachis pintoi (CIAT 22268, 
CIAT 22160, CIAT 18748) and Canavalia brasiliensis (CIAT 21014, CIAT 7969, CIAT 905). 
Soil was collected from a field site at Matazul in the Llanos of Colombia. It was homogenized 
through grinding and sieving with a mesh of 5 mm grid size to obtain equal growing conditions in 
cylinders. Soil was then mixed with river sand in a proportion of soil:sand of 2:1 by weight to 
facilitate faster induction of water stress than by using soil alone. Soil used for the acid soil 
treatments was characterized by a high aluminum saturation of 93%, low fertility and a pH of 
4.72 (measured in water using a pH-meter). For the individual water stress and control treatment 
soil was limed at 35 days before starting the experiment with dolomitic lime. 150 kg of soil were 
mixed with 214 g of dolomitic lime (3000 kg ha-1) in a concrete mixer for 20 minutes and 
adequate amounts of fertilizer (g kg-1soil) were applied: 12.42 N (urea), 17.86 P (triple 
superphosphate), 17.86 Ca (triple superphosphate) and 21.43 Ca (dolomitic lime), 13.74 K (KCl), 
21.43 Mg (dolomitic lime), 1.66 S (elemental sulfur), 0.30 Zn (ZnCl2), 0.39 CuCl2
.H2, 0.04 B 
(H33) and 0.02 Mo (Na2-MoO4
.H2). This soil was characterized by a pH of 5.41 with 8.59% of 
Al saturation. Transparent cylinders (80 cm length and 7.5 cm diameter) were filled with the 
same quantity of soil (weight and volume), which reached up to 75 cm of the length of the 
cylinder and had a dry weight of 4.56 kg for the low Al saturation soil and 4.6 kg for the high Al 
saturation soil. Cylinders were inserted into PVC tubes to protect against light and higher 
temperatures in the green house. Before planting Canavalia and Stylosanthes seeds were scarified 
in 96% sulfuric acid (H2SO4) solution using 1 liter per 10 kg of seed treated for 13 minutes, 
washed and dried. Canavalia seeds were additionally manually scarified with a knife. Seeds were 
planted directly into soil, except of Stylosanthes CIAT 184 and Arachis seeds, which had shown 
bad seedling vigor in preliminary germination tests. CIAT 184 was germinated on filter paper 
before being transplanted to the soil tube, whereas for Arachis stem cuttings were used and put 
into deionized water at the same time of planting of Stylosanthes and Canavalia seeds and were 
transplanted three days later. To assure potentially better nodulation Rhizobia (1 ml of solution 
containing 107cells ml-1) and Mycorrhizae had been applied. The mycorrhizal fungal strain of 
Glomus occultum and Bradyrhizobia strains CIAT 4461, CIAT 4969 and CIAT 3101 were 
applied for C. brasiliensis, S. guianensis and A. pintoi at one week after planting and two days 
before imposing water stress treatments. The experiment was carried out in a randomized 
complete block design with three repetitions, as blocks. Genotype-soil-moisture combinations 
were randomly distributed within each block. Four treatments were applied: (1.) A control , 
consisting of the limed and fertilized, low Al saturated soil under well-watered conditions, (2.) an 
acid soil stress treatment, using the acidic, highly Al saturated soil under well-watered conditions, 
(3.) a drought stress treatment, using the limed and fertilized, low Al saturated soil under 
progressive soil drying and (4.) a combined acid soil with drought stress treatment, by using the 
acidic, highly Al saturated soil under progressive soil drying. The initial soil moisture level for all 
treatments was set to 95% field capacity (FC). For the well-watered treatments 95% FC was kept 
at its respective level by weighing the soil tubes every two days and applying water to the soil 
surface (Polania et al. 2010). Treatments of water stress were imposed at 10 days after planting 
after an initial growth phase by simply withholding of irrigation. All cylinders were weighed at a 
2-day-interval to determine the decrease in soil moisture due to (evapo-) transpiration. At the 
same time the visual rooting depth was being measured. Plants were harvested at the time after 
which 50% of the plants under water stress experienced a decrease in FC of 50%. Due to 
differences in plant development and transpiration rate Canavalia plants were harvested five 
weeks after planting, Arachis plants after seven weeks and Stylosanthes plants after nine weeks. 
Shoots were cut and separated into leaves and stems, soil cylinders were cut into 6 parts of 
different soil depth (0-5, 5-10, 10-20, 20-40, 40-60 and 60-75 cm), roots were washed free of soil, 
collected in a 0.5 mm sieve and separated from organic debris using forceps and scanned for 
image analysis (WinRHIZO V. 2003). Main parameters analyzed were total root length (TRL), 
mean depth growth rate (MDGR) and shoot dry weight (SDW). Data was processed and an 
analysis of variance was done by using the PROC GLM statistical procedure of SAS 9.3 (SAS 
9.3, 2002-2010 SAS Institute Inc., Cary, NC, USA); with the applied model f(x) = genotype 
species treatment repetition (by species treatment), means genotype species treatment /REGWQ; 
with f(x) = SDW, TRL, MDGR and treatment = WL1 + AlL1; WL1 + AlL2; WL2 + AlL1; WL2 
+ AlL2; WL = water level and AlL = Aluminum level. Correlation coefficients were determined 
with the PROC CORR procedure of SAS 9.3. Probability level of 0.05 was considered 
statistically significant (P < 0.05). 
 
Results and Discussion 
Enhanced plant performance under acid soil and/or drought stress conditions due to greater 
adaptation in forms of stress tolerance is based on a greater, less stress reduced above ground 
biomass production (forage yield) which is directly linked to plant rooting behavior towards 
higher, less hindered nutrient and water acquisition. Results showed that TRL and MDGR 
correlate positively with SDW under all conditions (Table 1 shows representatively for all 
treatments the correlation coefficients under individual acid soil stress (high Al saturation and 
irrigation)). 
This indicates that plants which are less 
hindered in their deep rooting ability in 
terms of a faster development of a (more 
profound) deeper rooting system, which can 
more adequately deliver nutrients and water 
to the shoot, will in the end produce a 
greater amount of above ground biomass. 
Faster deep rooting itself correlated highly 
significantly with TRL under all stress 
conditions (Table 1), which indicates that 
plants which are able to faster establish 
deeper penetrating roots will in the end have 
an overall greater total root length and 
greater forage yield. These positive 
correlations also imply that stress with a 
stronger inhibitory effect on TRL and 
MDGR should have a stronger negative 
effect on total plant performance and forage 
yield compared to stresses which have a less 
negative impact on these root parameters. 
Treatment means of all genotypes for TRL 
were strongly reduced under all stress 
treatments, while the greatest reduction was observed under combined stress and the least 
reduction under drought stress solely (Figure 1). This indicates that combined acid soil with 
drought stress had a stronger inhibitory effect on TRL than individual acid soil stress, which itself 
affected TRL more negatively than individual drought stress. The treatments’ means of all 
genotypes for SDW under acid soil stress alone and under combined acid soil with drought stress 
Table 1. Correlation coefficients for total root length (TRL (m)), mean root 
diameter (MRD (mm)), specific root length (SRL (m g-1)), mean depth growth rate 
(MDGR (cm d-1)), leaf area (LA (cm2)), shoot dry weight (SDW (g)) and root:soot 
ratio (R:S ratio) of 9 forage legume genotypes evaluated under stress of acid soil 
(high Al saturation-well watered) in soil cylinders. 
LAl-WS TRL MRD SRL LA MDGR SDW 
                    
R:S ratio 
TRL 1       
MRD 0.81*** 1      
SRL -0.78*** -0.89*** 1     
LA 0.91*** 0.84*** -0.71*** 1    
MDGR 0.92*** 0.86*** -0.78*** 0.90*** 1   
SDW 0.87*** 0.80*** -0.66*** 0.96*** 0.91*** 1  
R:S ratio 0.25 (ns) 0.04 (ns) -0.25 (ns) -0.04 (ns) 0.01 (ns) -0.15 (ns) 1 
ns Non significant 






































































































































were not significantly different, 
though, as expected by indication of 
the correlation between TRL and 
SDW (Figure 2; Table 1). 
Nevertheless, the mean of all 
genotypes for SDW under the 
individual water stress treatment 
was still higher, than under high Al 
saturated soil, indicating less 
susceptibility and better adaptation 
to drought stress, while suggesting 
acid soil to have a more negative 
effect on SDW or genotypes having 
a weaker tolerance to acid soil 
stress. The inhibition of root 
elongation rate, as the major Al 
toxicity symptom (Delhaize and 
Ryan 1995; Marschner 1991 and 
Ryan et al. 1993), indicates that 
Stylosanthes guianensis is strongly 
affected by Al toxic acid soil stress 
(Figure 3 & 4). Results show that 
S. guianensis was so strongly 
inhibited in its root development 
that plants barely develop any 
shoot biomass. Therefore 
differences between the two acid 
soil stress treatments could not be 
observed for S. guianensis and its 
performance under drought stress 
was significantly better. 
Nevertheless, an adaptive reaction 
towards drought stress in terms of 
increased root elongation rate did 
not take place and SDW was 
significantly less than the control. 
Results for Arachis and Canavalia 
did not show any significant 
difference in MDGR under all 
treatments, while Arachis even 
increased its MDGR significantly 
compared to the control (Figure 4). 
This indicates no susceptibility, 
but tolerance to Al and progressive 































































































































































































































Figure 1. Influence of individual and combined stress factors of acid soil and drought stress on 
total root length at harvest time for 9 forage legume genotypes grown in soil cylinders.  
Different upper case letters indicate differences between means of all genotypes or 
species among treatments, different lower case letters indicate differences among species 
within each treatment. 
Figure 2. Influence of individual and combined stress factors of acid soil and drought stress on 
shoot dry weight for 9 forage legume genotypes grown in soil cylinders. 
Different upper case letters indicate differences between means of species among treatments, 
different lower case letters indicate differences among genotypes and species within each treatment, 
additional numbers indicate genotypic differences within species. A 1 = Arachis 18748;A 2 = 
Arachis 22160; A 3 = Arachis 22268; C 1 = Canavalia 21014; C 2 = Canavalia 7969; C 3 = 
Canavalia 905; S 1 = Stylosanthes 184; S 2 = Stylosanthes 21; S 3 = Stylosanthes 2950. 
increased root elongation rate under drought stress 
can be interpreted as adaptive reaction, even 
though SDW did not differ significantly under all 
stress treatments (Figure 2). No inhibition of root 
elongation (or even a slight increase) of Arachis 
and Canavalia under the acid soil stress 
treatments, but significantly reduced SDW 
compared to the control indicate susceptibility to 
nutrient deficient conditions. This was also 
visually observed during the course of the 
experiment. Arachis even increased its root 
elongation rate under acid soil stress, even though 
not significantly. Figure 2 illustrates the 
differences between all genotypes and species in 
SDW under all treatments and can be taken as 
prime example for all other measured parameters 
(data not shown): The species of Canavalia 
brasiliensis shows the highest values, while 
Canavalia 905 rates best. 
 
Conclusions and Outlook 
This study shows that greater deep 
rooting ability leads to greater total 
root length and shoot dry weight. 
All stress treatments significantly 
reduced forage yield (SDW). Acid 
soil stress is more harmful than 
drought stress to the tested forage 
legumes, whereas additional 
drought stress does not have any 
further negative effect on forage 
yield (SDW), although plants 
reacted with adaptive root growth. 
Nutrient deficiency in acid soil was 
found most inhibitory to plant 
performance. The species of 
Canavalia brasiliensis performed 
superior over Arachis pintoi and 
Stylosanthes guianensis. Canavalia 
905 performed overall best. C. 
brasiliensisand A. pintoi were found 
tolerant to Al and progressive soil drying, but susceptible to nutrient deficiency. For S. guianensis 
susceptibility to Al could be observed. Further evaluation of the species of Canavalia brasiliensis 
needs to be done, especially to introduce a commercial cultivar on the market. A treatment of low 
maintenance fertilization on acid, un-limed soil could be considered to reduce the low nutrient 
availability. The evaluated accessions bare potential for further breeding, since some accessions 
exhibited enhanced adaptability to certain stresses, even though rating worse compared to other 
tested accessions in final forage yield. If these accessions could be successfully crossed to 
transfer the potential adaptability to already high yielding accessions this could be of advantage 
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Figure 3. Inhibition of root elongation (%) compared to the control at 
harvest for the three stress treatments of drought stress, Acid soil stress and 
Acid soil + drought stress. 
Negative prefixes indicate a greater root elongation compared to the control.. 
A 1 = Arachis 18748;A 2 = Arachis 22160; A 3 = Arachis 22268; C 1 = 
Canavalia 21014; C 2 = Canavalia 7969; C 3 = Canavalia 905; S 1 = 
Stylosanthes 184; S 2 = Stylosanthes 21; S 3 = Stylosanthes 2950. 
 
Figure 4. Influence of individual and combined stress factors of acid soil and drought stress 
on mean depth growth rate for 9 forage legume genotypes grown in soil cylinders. 
Different upper case letters indicate differences between means of all genotypes or species among 
treatments, different lower case letters indicate differences among species within each treatment. 
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